Kinetic analysis of two dimensional metallic grating Cerenkov maser Phys. Plasmas 18, 084508 (2011) The self-consistent nonlinear theory of electron cyclotron maser based on anomalous Doppler effect Appl. Phys. Lett. 98, 261502 (2011) Cavity quantum electrodynamics for photon mediated transfer of quantum states J. Appl. Phys. 109, 113110 (2011) A method of suppressing mode competition in a coaxial localized-defect Bragg resonator operating in a higherorder mode Phys. Plasmas 18, 064506 (2011) Additional information on AIP Conf. Proc. Abstract. We report on a new class of optical antennas that shorten the excited-state lifetime of optical emitters down to 100 fs in a broad spectral range, while maintaining quantum efficiencies as high as 80%. We combine metal nanoparticles with dielectric structures and exploit concepts from plasmonics and cavity quantum electrodynamics to maximize the local density of states and suppress dissipation losses in the metal. Our findings bring about the prospect of single-photon sources at the ȝW power level and promise significant impact on other research fields, including photophysics, ultrafast plasmonics, and Raman spectroscopy.
INTRODUCTION
Single-photon sources have been proposed as the building blocks of many emerging quantum technologies such as quantum key distribution, all optical quantum computation and radiometry. 1, 2 Individual emitters, such as atoms, organic molecules, defect centers and semiconductor nanocrystals, are important candidates for robust single-photon sources, because intrinsically a single quantum-mechanical two-level system cannot emit two photons simultaneously. Unfortunately, these sources are inefficient, because the spontaneous emission rate is very slow due to the small size of the dipole moment in free space. Many solid-state emitters, for example nitrogen-vacancy (NV) centers in diamond, have typical excited-state lifetimes of 10 ns. 3 Moreover, a broad angular distribution of the radiated photons prevents from efficient collection. In this presentation, we propose a new class of optical antennas that reduce the excited-state lifetime of emitters to the order of 100 fs, while maintaining quantum efficiencies of about 80% and broadband operation. In addition, combining such antenna architecture with high collection-efficiency schemes 4, 5 hold promise for single-photon sources at the ȝW power level.
The modification of spontaneous emission has been a topic of intense theoretical and experimental research and it has given birth to the field of Cavity Quantum Electrodynamics (CQED). 6, 7 The central idea in this research area is to manipulate the local photonic density of states (LDOS) at the position of an emitter by placing material boundaries in its surrounding. Here, we combine metallic nanoparticles with planar dielectric structures and exploit design strategies from plasmonic nanoantennas [8] [9] [10] [11] and concepts from CQED to maximize the LDOS and minimize nonradiative losses incurred by the metallic constituents.
RESULTS AND DISCUSSIONS
One realization of the hybrid antenna structure is sketched in Fig. 1a , where a metallic nanoantenna (MNA) is placed in contact with a dielectric substrate. The single emitter is embedded in the substrate very close to the interface. In such configuration, the emitter strongly couples to the MNA and acquires a much larger dipole moment, which radiates more efficiently. The traces in Fig. 1c present the spontaneous emission enhancement factor as a function of wavelength for different refractive indices of the dielectric substrate. Here the enhancement factor is defined as the ratio of the spontaneous emission rate for the emitter coupled to the metallodielectric antenna in Fig. 1a to that for the emitter close to the interface without the MNA as in Fig. 1b . This example shows that the metallodielectric hybrid antenna may enhance the radiative decay rate by up to 80000 times. In particular, this can take place with high quantum efficiencies in the visible range, whereas conventional MNA design strategies are challenged by absorption losses in the metal, especially in the visible. 10 This is because, in the metallodielectric antenna the electric field in the metal is more homogenous than in the case where the dielectric interface is absent, which provides a larger effective dipolar polarizability. Moreover, the MNA is located on the low index side with a higher LDOS and its induced dipole could radiation more efficient.
The radiation pattern of the metallodielectric hybrid antenna is similar to that of a vertical dipole antenna above a high-index substrate and most of the emission funnels to the substrate. Recently, we have reported on a broadband high collection-efficiency scheme, which uses a multilayered structure for tailoring the angular emission of a single emitter. 6 The schematics and a typical angular distribution of the emission are shown in Fig. 2 . In such configurations, we may collect beyond 99% of the emitted photons from sources with arbitrary orientation of the transition dipole moment.
In the second part of the presentation, we will discuss possibilities for combining the aforementioned metallodielectric hybrid antenna structures with near unity collection-efficiency schemes. We introduce a a) b) FIGURE 2. a) Schematics of a planar antenna structure for near unity efficiency in collecting the emission from a single-photon source. The refractive indices should be arranged as n 1 > n 2 > n 3 . SIL: solid immersion lens. b) Emission power density and collection efficiency as a function of the collection angle.
multilayer metallodielectric antenna structure 13 that could in principle achieve beyond 99% collection efficiency. With the ultrastrong enhancement of spontaneous emission and such high collection efficiencies, we bring about the prospect of triggered single-photon sources at the ȝW power level. Moreover, sub-picosecond radiative processes in the solid state are also interesting because they become comparable with or faster than vibrational and phononic interactions, leading to new regimes of photophysical dynamics.
